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Wave energy is a major driver for many coastal processes and influences wetland
vegetation and shoreline stability. Coastal conservation and restoration projects often include
wave climate estimations in the decision-making process for project design. The current method
primarily used to estimate a project area’s wave climate is the use of wind-wave models. These
models use wind speed, wind direction, bathymetry, and fetch to estimate site-specific wave
activity. However, these models neglect boat wake which is an important contributor to wave
energy in fetch-limited environments. This study used site-specific wave measurements to
compare wind-protected and open sites in Back Bay, Mississippi. Study results demonstrated that
some protected sites experienced similar or even higher wave activity when compared to the
open sites. These findings indicate that excluding boat activity from wave climate estimations
could lead to an under-estimation of site-specific wave activity.
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CHAPTER I
INFLUENCE OF BOAT ACTIVITY ON WAVE CLIMATE IN BACK BAY OF BILOXI, MS
Introduction
Wave energy is a major driver for many coastal processes, such as erosion, sediment
transport, hydrodynamics, shoreline stability, and distribution of shoreline and nearshore
vegetation (Bayram et al., 2007; Dorava and Moore, 1997; Feagin et al., 2011; Leonardi et al.,
2015; Massel, 1989; Roland and Douglass, 2005). Therefore, understanding the trends in wave
energy (i.e., wave climate) is critical for shoreline management.
Most wave climate assessments are conducted using models. These models primarily use
wind speed, wind direction, bathymetry, and fetch to estimate the wave activity that will occur in
a specific area (Marani et al., 2011) and are commonly referred to as wind-wave or fetch models.
The majority of these models show that wave energy potentially decreases with fetch. In other
words, narrow waterbodies, such as rivers, bays, and bayous, have limited wave energy. Boat
wakes are not accounted for in wind-wave models but are known to be a prominent component
(Bilkovic et al. 2019) and are a dominant contributor to wave energy in some coastal
environments (McConchie and Toleman, 2003).
Direct wave measurements could be used to validate wind-wave models as well as
include boat wake in wave climate estimations. However, these measurements have been
relatively rare due to their high cost (e.g., Silinski et al., 2018). The recent development of lowcost sensor technology that has been adapted for wave applications has increased the capacity of
1

researchers to obtain wave measurements across a range of temporal and spatial resolutions
(Temple et al., 2020).
Wind and vessel-generated waves have significant differences when analyzing wave
characteristics (Houser, 2010). For example, a study along the North Channel of the Savannah
River in Georgia, USA found that in a restricted fetch environment vessel-generated waves
accounted for ~5% of the cumulative wave energy, but almost 25% of the cumulative wave
force. This study referenced the larger wave height and longer wave period as the cause for the
larger percentage of the cumulative wave force (Houser, 2010).
Leonardi et al. (2015) determined that wave height and erosion potential have a linear
positive relationship. Therefore, the characteristically larger wave heights of boat wakes in fetchlimited environments have a larger potential to erode shorelines and associated vegetation. For
instance, saltmarsh vegetation can erode even under mild wave activity (Prahalad et al., 2015).
However, little is known about the species-specific tolerance of wave energy, but it is generally
accepted that there is a limit to a plant’s wave energy tolerance (Roland and Douglass, 2005).
Plant stand characteristics can be highly related to the surrounding wave climate (Coops et al.,
1996; Feagin et al., 2011).
Numerical marsh models, like the Hydro-MEM model (Hyrdro-MEM), are increasingly
being used to determine marsh response to different environmental factors. These models used
complex algorithms to determine how coastal processes will impact marsh productivity and
extent. Hydrodynamic interactions are one component that is evaluated using these marsh
models and can be enhanced by including boat wake measurements. Enhancing model accuracy
can provide more detailed information about marsh vulnerability.
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The importance of understanding wave energy from a shoreline management perspective
cannot be overlooked. A major goal of many coastal conservation and restoration projects is to
establish and/or maintain shoreline vegetation (Mobile Bay National Estuary Program, 2013).
Shoreline vegetation establishment is a key component of shoreline restoration because of the
services vegetation provides including wave reduction (Augustin et al., 2009; Fonesca and
Cahalan, 1992), nutrient removal (Barbier et al., 2011; Broome et al., 1988; Sparks et al., 2015),
maintenance of fisheries (Barbier et al., 2011), and erosion control (Barbier et al., 2011; Broome
et al., 1988; Feagin et al., 2009). Most of these projects occur in fetch-limited areas. For
example, almost 65% of the Nature Conservancy and Mobile Bay National Estuary Program-led
living shorelines projects in Alabama are in fetch-limited areas (Herder, 2016). These perceived
low energy sites have the potential for increased wave energy due to boat wake (Temple et al.,
2020). Since the wave climate can have vast impacts on vegetation establishment and
characteristics (Coops et al., 1996; Feagin et al., 2011; Prahalad et al., 2015; Roland and
Douglass, 2005), understanding the local wave climate (i.e., output from a wave
characterization) is needed to better understand coastal ecosystems and plan projects.
This study used site-specific (i.e., local) wave energy measurements to evaluate the
potential influence of boats on wave climates in protected (i.e., limited wind exposure) areas.
The objective of this study is to determine the influence boat activity has on the wave climates in
Back Bay of Biloxi. The null hypothesis is that wave climate metrics in protected (i.e., limited
wind exposure) sites will be less than open (i.e., bay front) sites. The first alternative hypothesis
is that wave climate metrics in protected sites will be similar to open sites. The second
alternative hypothesis is that wave climate metrics in protected sites will be more than open sites.
Improved understanding of wave climates in fetch-limited areas can allow better planning when
3

developing a restoration project. Completion of this work will improve the planning of coastal
conservation and restoration projects and, ultimately, the outcomes and efficiency of projects.
Methods
Study site
Back Bay, often referred to as Biloxi Bay, encompasses an area of approximately 2,225
ha and stretches from Ocean Springs, MS to Gulfport, MS (Figure 1). The bay is elongated with
most of its length stretching east to west. The Biloxi and Tchoutacabouffa rivers introduce
freshwater into the western side the bay whereas the eastern side of the bay (mouth) is connected
to the estuarine waters of the Mississippi Sound. Therefore, there is a resulting salinity gradient
with an average salinity of 15 ppt at a gauge along the western side (30.41556,-88.97583) and
7.5 ppt at a gauge in the eastern side of the bay (30.38833,-88.85722)
(https://waterdata.usgs.gov/nwis). Marsh and submerged aquatic vegetation are common
throughout the bay; however, there is also a significant amount of private and commercial
development along the shoreline. Due to this development, there is frequent boating and wake
generation from recreational and commercial activities. Besides vessel activity, the other primary
factor influencing wave climate characteristics is wind. Winds in this area typically originate out
of the southeast, south, and northeast depending on the season (Figure 3). Along the horizontal
midline of Back Bay there is a network of marsh islands that reduce the fetch and associated
potential for large wind-derived waves. Additionally, the combination of manmade canals and
natural tributaries connected to the bay offer shelter from waves, creating a combination of
naturally calm (protected) and semi-energetic (open or exposed) waters. Boat wakes can alter the
natural wave energy structure of these areas.
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In this study, a total of three experimental areas (referred to individually as Area 1, Area
2, and Area 3 below) were selected to cover a gradient of anticipated wind exposure and boat
activity. Within each area, paired open and protected sites were identified (i.e., 6 total sites
across three areas; Figure 2). Open sites were selected to represent shoreline areas with a larger
fetch and, thus, are expected to experience more wind-produced wave activity. Protected sites
were selected to represent smaller fetches, which protect the sites, but subsequently create more
narrow boating channels (Figure 2). A description of each Area is below.
•

Area 1 is on eastern edge of Back Bay near Ocean Springs, MS. The open site
(30.42027, -88.84687) has a maximum fetch of 1,975 meters to the southwest and
significant boat traffic as it is on the boating channel that leads to the Gulf. The
protected site (30.41844, -88.83370) has a maximum fetch of 455 meters to the
northeast, and an extreme amount of boat traffic due to it being the main path
vessels take from portions of Ocean Springs to Back Bay and the Mississippi
Sound.

•

Area 2 is on the north edge of Back Bay near D’Iberville, MS. The open site
(30.42314, -88.87533) has a maximum fetch of 3,240 meters to the east. The
protected site (30.43006, -88.87284) has a fetch of 140 meters to the east and a
significant amount of boat traffic due to a boat channel that leads to multiple
private properties and a boat launch. The nearby boat launch is the Brittany
Avenue Boat Launch.
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•

Area 3 is on the western edge of Back Bay near Popp’s Ferry Bridge in Biloxi,
MS. The open site (30.41804, -88.98993) has a maximum fetch of 1,460 meters to
the west. The protected (30.41153, -89.01565) has a fetch of 130 meters to the
north and increased boat traffic due to a boating channel that connects Bayou
Bernard and Back Bay. The nearby boat launches include the Popp’s Ferry Boat
Launch and the Gulfport Lake Boat Ramp.

Field Measurements
Low-cost pressure gauges were built following the methodology of Temple et al. (2020)
(Figure 4). These gauges are accurate to within one cm water depth and were configured to log
continuously at 10 hz (i.e., 10 times per second). From July 3rd 2019 – July 8th 2019, one of these
gauges were deployed at each site at a consistent depth (1 m). These dates were chosen to
capture both minimal (i.e., nighttime) and peak (i.e., July 4th day) wake derived wave energy
periods. At the end of the sampling period, wave gauges were retrieved and returned to the lab
for data processing.
Additionally, hourly maximum wind speed and directions were collected during gauge
deployment using a Mississippi State University Extension Delta Agricultural Weather Center
weather station (http://deltaweather.extension.msstate.edu/coastal-res-ext-cnt). The weather
station is located just north of Back Bay adjacent to the MSU Coastal Research and Extension
Center (30.44102, -88.94368). The weather station collects meteorological data including hourly
max wind speed and direction.

6

Analysis
The five-day data records for each gauge were individually processed in MATLAB
(2012b) utilizing the code and procedures from Temple et al. (2020). This code produced a wave
record which contained wave statistics (e.g., wave heights and wave periods) for each individual
wave that occurred during the full five-day deployment periods. All waves under four
centimeters were removed from the wave record since these small waves are near the detection
limit of the gauges and also likely insignificant for influencing shoreline processes. The resulting
wave records were used for data visualization and statistical analyses. Due to a lack of normality
in the data, non-parametric tests (e.g., Kruskal-Wallis and Wilcoxon Signed Rank) were used to
analyze the difference in wave heights between areas and site pairs within each area (Protected
vs. Open). Wave heights, periods, and counts for the entire five-day time period were also used
to calculate Cumulative Wave Power, using the MATLAB code referenced above, for each site
following Equation 1.

𝑛

𝑃𝑐 = ∑ 𝑃𝑛
𝑛=1

(1)

𝑃=

𝑝𝑔2 𝐻 2 𝑇
64𝜋

Cumulative Wave Power (Pc) is the sum of wave power (P) produced by waves during a period of time

For finer-scale wave climate comparisons, two twelve-hour time periods were selected
from the five-day gauge record to gather hourly wave statistics that capture maximum and
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minimum wave activity. The two twelve-hour time periods selected were July 4th 12:00 – 24:00
and July 7th 12:00 – 24:00. These time periods were selected due to expected boating activity.
For example, July 4th is a national holiday when boating activity is expected to be at its
maximum due to events like the July 4th Boat Parade. Using the MATLAB processing code
referenced above, a wave record was produced that contained wave climate characteristics for
each individual wave that occurred during the two time periods. The record was then divided into
hourly segments to determine wave climate characteristics for waves that occurred during
specific hours. Again, all waves under four centimeters were removed to eliminate potential error
associated with the gauges measuring small waves at the lower end of sensor detection limit. The
hourly wave climate characteristics for the two twelve-hour time periods were also used to
calculate cumulative wave power for each hour (Equation 1).
Linear regression techniques were used to analyze the relationships between hourly max
wind speed and cumulative wave power. The cumulative wave power statistic was chosen
because it incorporates both wave heights and the number of waves unlike significant wave
height that relies solely on wave height. To correct for an observed and expected time lag
between wind speeds and resulting waves, the wave statistic values were shifted forward one
hour. This allows for wind speeds and their resulting waves to be aligned, resulting in
representative regressions. To examine effects of hourly max wind speed, site type (protected vs.
open) and date (i.e., July 4th and July 7th) on cumulative wave power, negative binomial
generalized mixed models were fit using Template Model Builder (TMB). Candidate models
included all interactive and additive combinations of the predictor variables (e.g., hourly max
wind speed, site type, and date). Additionally, each model included area and site as crossed
random effects to properly reflect the experimental design. Model selection was performed using
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a sample size-corrected Akaike Information Criterion (AICc) analysis (Burnham and Anderson,
2004). Resulting significant predictor variables were compared using Tukey’s post-hoc pairwise
comparisons. All statistical analyses referenced above were performed in the R statistical
computing environment (v. 4.0.4, R Core Team, 2021) and used an alpha value of 0.05 for
significance testing.

Results
Weather Conditions
The weather conditions in Back Bay were relatively calm and consistent throughout the
study duration (July 3, 2019 – July 8, 2019). The wind speed ranged from zero to six miles per
hour with an average hourly maximum windspeed of 1.6 miles per hour and predominately came
out of the north and southeast. During the study duration, only 0.08 centimeters of rain fell in the
study area and that occurred around July 5th at 17:00. During the study duration, the temperature
ranged from 23 to 37 degrees Celsius with an average temperature of 29 degrees Celsius.
Therefore, weather should not have limited boating activity during the study period and, for at
least a portion of the study period, wind speed was near average conditions (2.1 MPH). This
range of conditions allowed for a robust assessment of the impact of boat wake on wave climate
in Back Bay.
Cumulative Wave metrics over full five-day period
The wave height record between areas were found to be significantly different (KruskalWallis - X2 = 151.41, df = 2, p-value < 0.005). Pairwise Wilcoxon Signed Rank test showed that
each area was different from the others (e.g., Area 1 vs. Area 2 - p-value < 0.005, Area 1 vs.
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Area 3 - p-value < 0.005, and Area 2 vs. Area 3 - p-value = 0.046). Therefore, the pairwise
comparisons between site types (e.g., protected vs. open) within each area were the focus of the
remaining statistical analyses related to the cumulative wave metrics over the full five-day
period.
Over the full five-day period and within the eastern most area (1), the protected site
experienced only 37% the number of waves greater than four centimeters in height as the open
site (i.e., 2,308 vs. 6,162), but the waves in the protected site were larger (Wilcoxon Signed Rank
test - p-value < 0.005; Figure 5). Different trends were found for the central area (2) where there
were more numerous waves at the protected site (i.e., 1,566 vs. 255) and the median wave height
was larger (Wilcoxon Signed Rank test p-value <0.005; Figure 5) than the open site. Similarly,
for the area on the western edge (3), the protected site experienced more waves (i.e., 2,496 vs.
735), while the median wave height was higher than the open site (Wilcoxon Signed Rank test p-value < 0.005; Figure 5).
The wave height trends described above were largely driven by a higher number (Figure
6) and proportional frequency (Figure 7) of larger waves (i.e., > 7 cm wave height) in the
protected sites than open sites. The only exceptions to this trend were found in Area 2, where
there were more (Figure 6D) and a greater proportional frequency (Figure 7D) of waves greater
than 20 cm in height. However, the protected site at Area 2 also had the lowest number of total
waves recorded over four centimeters in height (Figure 6D).
Cumulative wave power was chosen as a metric that could account for differences in
wave counts and heights to produce a single value for each site. However, the results of wave
power followed similar trends to the number of waves found in each site. At Area 1 the open site
experienced nearly twice the cumulative wave power as the protected site (Figure 8). Inversely,
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at Area 2 the protected site had nearly four times the cumulative wave power as the open site
(Figure 8). Similar to Area 2, the protected site at Area 3 had a higher value of cumulative wave
power (nearly six times) as the open site (Figure 8).
Hourly Wave Statistics
Hourly max wind speed/direction and wave power metrics in both protected and open
sites were derived and compared over two twelve hour time periods (July 4th 12:00 – 24:00 and
July 7th 12:00 – 24:00) to provide a finer assessment than the more course five day comparison
(Figures 9-11). Results from the AIC-selected (Table 1) negative binomial generalized mixed
model indicated that wind speed, site, and marginally date (e.g., p = 0.0503) were all statistically
significant predictors of cumulative wave power (Table 2). Additionally, there was a significant
interaction between wind speed and site (Table 2). Post-hoc Tukey comparisons showed that
open sites had higher cumulative wave power then protected sites (Table 3) and that wave power
was generally higher on July 4th than July 7th (Table 3).
To further explore the predictive capabilities of hourly maximum wind speed on
cumulative wave power, data were segmented into individual sites within each area for each
date. These partitioned data were used for data visualizations (Figures 11-13) and regressions
(Figures 12 and 13). Regression results indicated that maximum wind speed is a better predictor
of cumulative wave power in open sites than protected sites (Table 4). Three of the six
regressions in open sites (i.e., one for each area on both dates) show significant relationships
between maximum hourly wind speed and cumulative wave power (Table 4). Additionally, two
of the remaining three non-significant results were marginal (i.e., p values of 0.0662 and 0.0732;
Table 4). Conversely, only one of the six regressions in the protected sites showed significance
and one more was marginal (i.e., p = 0.0802; Table 4). Wind direction could partially explain
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some of the observed trends in the regressions. As such, wind speed, direction, and the resulting
differences in cumulative wave power between sites within each area are described below.
Area 1
During 15 of the 24 hours sampled in Area 1, wave power in the open site was higher
than in the protected site (Figure 9). Cumulative wave power was higher during the July 4th time
period than the July 7th time period for both sites. The open site experienced the highest values
of cumulative wave power during the 17:00 hour of both time periods (Figure 9a,b). It is likely
that these findings are a result of the highest wind speed observed during the 16:00 hour of both
time periods (Figure 9c,d). The lowest values of cumulative wave power observed at the open
site occurred aligned with various wind speeds for both periods. The regression analysis for the
open site showed the relationship between max wind speed and cumulative wave power was
marginally significant on July 4th (Figure 12a, Table 4) and significant on July 7th (Figure 13a,
Table 4). Conversely, there was no significant relationship between maximum wind speed and
cumulative wave power in protected site for either time period (Figures 12a and 13a, Table 4).
Wave power estimates at the protected site oscillated between a minimum of 0 and maximum of
1082 kW per meter of wavefront length (Figure 9a). The maximum value occurred during the
13:00 hour of the July 4th time period (Figure 9a).
Area 2
During 16 of the 24 hours sampled in Area 2, wave power in the protected site was higher
than in the open site (Figure 10). Similar to Area 1, Area 2 experienced higher values of
cumulative wave power during the July 4th time period when compared to the July 7th time
period. The open site experienced the highest value of cumulative wave power during the 17:00
12

hour on July 4th, which followed the highest maximum wind speed at hour 16:00 (Figure 10a,c).
The lowest values of cumulative wave power experienced at the open site occurred during hours
with variable maximum wind speeds (Figure 10b,c). The regression analysis for the open site
showed the relationship between max wind speed and cumulative wave power was marginally
significant on July 4th (Figure 12b, Table 4) and not significant on July 7th (Figure 13b, Table 4).
The protected site at Area 2 exhibited various values of cumulative wave power throughout both
time periods. The highest value occurred during hour 16:00 on July 4th which was after the
second highest maximum wind speed occurring at 15:00 (Figure 10a,c). The lowest values of
cumulative wave power occurred in the final hours of both time periods. These were also the
hours that contained the lowest maximum wind speeds. This site displayed a significant positive
relationship between maximum wind speed and significant wave power during only the July 7th
time period (Figure 13b, Table 4).
Area 3
During 20 of the 24 hours sampled in Area 3, wave power in the protected site was higher
than in the open site. Area 3, like the other two areas, displayed higher values of cumulative
wave power during the July 4th time period compared to the July 7th time period. The open site
experienced uniformly low values of cumulative wave power. The highest value occurred during
hour 22:00 of the July 4th time period when the maximum wind speeds were at their lowest
(Figure 11a). The second highest cumulative wave power value occurred during hour 17:00 of
the July 7th time period (Figure 11b), which was the result of second highest maximum wind
speed that occurred during hour 16:00 on July 7th (Figure 11d). The linear regression analyses
displayed significant relationships between maximum wind speed and cumulative wave power in
the open site for both the July 4th and July 7th time periods (Figures 12c and 13c, Table 4). The
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protected site at Area 3 showed consistent high values for cumulative wave power throughout
both time periods. The highest value occurred during hour 22:00 of the July 4th time period again
when the maximum wind speeds were at their lowest (Figure 11a). There were no waves at the
protected site after hour 20:00 during the July 7th time period which resulted in zero cumulative
wave power for those hours (Figure 11b). There was a marginally significant relationship
between maximum wind speed and cumulative wave power during the July 7th period at the
protected site (Figure 13c, Table 4).
Discussion
Wave energy is a major driver of many coastal processes (e.g. shoreline erosion,
sediment transport, vegetative success, etc.) that influence the design, planning, and success of
coastal conservation, restoration. Including shoreline enhancement projects, such as green
infrastructure, nature-based features, and living shorelines (Leonardi et al., 2017, Roland and
Douglass, 2005, USACE, 2002). Current wave climate assessments and models typically only
consider wind speed, wind direction, fetch, and bathymetry as driving factors (Marani et al.,
2011). However, boat wake is likely a major contributor to wave climate in some areas and
should be considered (Houser, 2010). By capturing site specific wave climate measurements, this
study examined the potential influence of boat wake by analyzing the perceptions of wind
protected areas (e.g., small fetch) experiencing less wave activity than open areas (e.g., larger
fetch).
The protected sites in this study were generally subjected to larger waves than adjacent
open sites. These relatively large, but infrequent waves are considered to be an indicator of
vessel activity (Houser, 2010). Erosion has been shown to increase with wave height (Leonardi,
2015), which infers that the protected sites in this study have a higher erosion potential than
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adjacent open sites. Furthermore, this erosion potential is likely exacerbated by a large number of
boat wakes, which are known to cause significant bank erosion, particularly in areas with limited
fetch (Whitfield and Becker, 2014, Nanson et al., 1994, Liddle and Scorgie, 1980).
Sites with limited fetch are largely protected from wind generated waves which, absent of
anthropogenic influences, such as boat wake, are naturally calm environments with limited wave
activity (Freire et al., 2009). Due to the historical natural low energy conditions in these areas,
mud flats, salt marshes, submerged aquatic vegetation, and other lower energy habitats formed
(Knutson et al., 1981; Turner and Streever, 2002). These habitats are often composed of finer
sediments and sensitive plants that help provide a significant amount of ecosystem services, such
as fisheries habitat, nutrient removal, carbon sequestration, and flood protection (Polk and Eulie,
2018; Davis et al., 2006; Herbert et al., 2018; Sparks et al., 2015). Because of these services,
these low energy habitats are often the target for coastal restoration and protection projects
(Baillie et al., 2015; Boström et al., 2011; Heck Jr. et al., 2008; Hitt et al., 2011; Irlandi and
Crawford, 1997; Meynecke et al., 2008; Micheli and Peterson, 1999; Mumby, 2006).
However, the findings of this study indicate that current wave climate predictions (windwave model based) in relatively fetch limited areas with frequent recreational and commercial
boat traffic are likely underestimates. The five day and hourly results showed that vessels do
impact the wave climate in protected areas. The protected sites in Areas 2 and 3 experienced
larger cumulative wave power during the five day deployment compared to their respective open
sites (Figure 8). At Area 1 the open site experienced more cumulative wave power, but this is
likely to be caused by the position of the wave gauge. The wave gauge at the open site was
placed along a concave shoreline that was exposed to the predominant wind direction and located
near the mouth of Back Bay (Figure 2). This position and wind pattern allowed for the gauge to
15

capture an extreme amount of wind generated waves as explained by the majority of cumulative
wave power occurring when the wind direction was oriented directly at the center point of the
concave shoreline (Figure 9a-d). Nevertheless, the protected site at Area 1 experienced wave
metrics similar to that of the other protected sites, which infers relatively consistent contributions
of boat wake generated waves across Back Bay.
As expected, at two of the protected sites (Area 1 and Area 3) there was no significant
relationship between maximum wind speed and cumulative wave power (Table 4). This points to
other factors, such as boating activity, potentially influencing the wave climate in these areas. At
all three protected sites the values of hourly cumulative wave power were higher during the July
4th time period when compared to the July 7th period (Figures 9-11, a and b). Since July 4th is a
holiday it is expected that boating activity is at its peak due to events like the July 4th boat
parade. Therefore, the hourly wave statistics display an increase in cumulative wave power in
connection with an increase in projected boating activity. Consequently, these naturally calm
wind-protected waterways likely are subjected to a more impactful magnitude and spectrum of
waves than open (unprotected sites) sites.
The above realization highlights a potential flaw with excluding boat activity as a
predictor of wave climate in fetch limited waterbodies. Current wave models rely heavily on the
relationship between wind speed and wave statistics (Jouon et al., 2009). The linear regression
analyses conducted in this study focused on the relationships between maximum wind speeds
and cumulative wave power. Five out of the six periods analyzed for the open sites of this study
displayed significant or marginally significant relationship between maximum wind speed and
cumulative wave power (Table 4). Only two of the six periods analyzed for the protected sites of
this study displayed significant or marginally significant relationship between maximum wind
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speed and cumulative wave power (Table 4). However, the significant relationships at the
protected sites are believed to be caused by boating activity coincidentally aligning with periods
of increased wind speed.
Wind speed, site, and their interaction were all significant predictors of cumulative wave
power. The model also found that date was a marginally significant predictor for cumulative
wave power (Table 2). The significant interaction between wind speed and site is likely
explained by the inclusion of protected sites in the statistical analysis. These protected sites are
inherently protected from frequent wind waves and, thus, the wave climate within these sites
isn’t likely to be influenced by wind speed at the same magnitude as open sites. Additionally,
post-hoc pairwise comparisons found significant differences between site types and dates (Table
3). While boating activity was not quantified in this study, it was likely higher in protected sites
and on July 4th, thus these post-hoc results indicate that boating activity is highly likely to be an
important component impacting cumulative wave power.
This study shows that wave energy models for Back Bay that exclude boat activity will
likely underestimate wave energy by a substantial margin. From an ecological conservation and
restoration perspective, inadequate wave energy models could have major implications. This
increase in wave activity can cause stress on plants that are not adapted for that environment. As
referenced earlier, the habitats formed in and along protected waterways are mostly associated
with calm water environments, which are sensitive to erosion even under mild wave conditions
(Prahalad et al., 2015, Leonardi et al., 2015).
The majority of shoreline restoration projects occur in fetch limited environments
(Herder, 2016) with a primary goal of conserving or restoring shoreline plants (Mobile Bay NEP,
2013). Current guidelines for shoreline project design are almost solely based on wind-wave
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models and exclude boat wake (Hardaway et al., 2010). While wind-wave models are considered
to be adequate for designing restoration projects in open areas, the results of this study indicate
that they may be inadequate for fetch limited areas.
Currently, shoreline restoration project design for open areas often include a “hybrid”
design. The “hybrid” design incorporates both living structures (e.g., plants) and hardened
structures (e.g., breakwaters or marsh sills). The hardened structure component of these projects
is meant to dampen wave energy to a reasonable level for shoreline plants to survive. Wave
energy estimates (derived from wind-wave models) are used extensively to modify design
elements (e.g., crest height, crest width, and construction materials) to fit different wave energy
scenarios (Chasten et al., 1993; Morris et al., 2019; Webb and Allen, 2017). Most of these
designs are driven by a certain portion of the wave energy spectrum called the significant wave
height (i.e., the mean of the largest 1/3 of waves at a site). Engineers that design these projects
recognize the disproportionate impact of large waves and design projects to withstand these
larger than normal waves. Across all areas in this study, the protected sites had a significantly
larger waves by count and frequency of occurrence (e.g., higher significant wave height), which
should impact the design of shoreline projects and likely lead to recommendations for wave
breaking structures. However, current shoreline suitability tools (e.g., living shoreline suitability
tools - https://restoreactsienceprogram.noaa.gov/projects/living-shoreline-tool) are wind-waved
based, and do not recommend wave breaking structures in any fetch-limited sites. While these
suitability models are useful, they do not account for boat wake. As found in this study, that
exclusion could potentially lead to under-designed and unsuccessful shoreline projects.
Numerical marsh modelling is another area that could be enhanced with the inclusion of
boat wake in site specific wave climate considerations. Numerical marsh models focus on
18

forecasting marsh productivity and extent under a suite of environmental scenarios. For example,
the Hydro-MEM model couples advanced hydrodynamic modeling with marsh equilibrium
modeling to determine how micro and macroscale processes impact marshes as seas rise at
differing rates. However, the ability of numerical models to resolve short-term (e.g., annual)
hydrodynamic feedbacks is largely limited by computational efficiency and spatial resolution.
Therefore, wave climate measurements, that include boat wake, can help improve
parameterization and interpretation for decadal model predictions.
While this research is informative, the design of it could be modified and expanded for
future studies to obtain an improved understanding of the influence of boat wake on wave
climate. The project’s short duration limits the data available for analysis and comparison.
Additionally, the high boat activity period in this study is likely one of the highest each year
(e.g., July 4th). Comparing this amount of vessel activity to routine weekends would improve the
conclusions that could be drawn from this type of study. The maximum wind measured at the
CREC weather stations during the project was six miles per hour. This wind speed is close to the
average wind speed measured from June 2019 to April 2020 which was in the 2.1 MPH.
However, it is less than the highest wind speed that was measured from June 2019 to April 2020
which was 10.2 MPH (Weather Station). This data gap prevents the ability to explain how these
maximum wind speeds would impact the areas’ wave climates. However, future research could
address the limitations seen in this study. A longer study could capture periods of extreme wind
speeds and wave activity, including storm events. A qualitative assessment of boating activity
would allow for a more direct analysis of its impact on wave climates. Another potential area for
future exploration would be to evaluate shoreline erosion between the protected and open sites.
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Therefore, allowing for direct measurements of wave climate impact on erosion in these specific
locations.
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Table 1

Results from sample size corrected Akaike Information Criterion (AICc) model
comparisons

Model

Rank

dAICc

DF

Weight

Wind speed * site * date

1

0

11

09.34

Wind speed + site + date

2

7.2

7

0.026

Wind speed * date

3

7.3

7

0.024

Wind speed + date

4

8.2

6

0.016

Wind speed * site

5

16.2

7

<0.001

Wind speed + site

6

22.7

6

<0.001

Wind speed

7

23.8

5

<0.001

Site + date

8

34.7

6

<0.001

Date

9

36.7

5

<0.001

Site * date

10

36.9

7

<0.001

Site

11

57.8

5

<0.001

The results from the sample-size corrected Akaike Information Criterion (AICc) model
comparisons to determine best fir for assessment of cumulative wave power.
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Table 2

Results for mixed model describing cumulative wave power

Fixed Factors

χ²

DF

Prob > χ²

Intercept

62.4564

1

<0.001

Wind speed

24.6880

1

<0.001

Site

13.6599

1

<0.001

Date

3.8308

1

0.0503

Wind speed * site

11.1966

1

<0.001

Wind speed * date

0.8841

1

0.3471

Site *date

0.3034

1

0.5817

Wind speed * site * date

0.2594

1

0.6105

The results from the mixed model describing predictors for cumulative wave power. Significant
p-values (P < 0.05) are shown in bold, and marginal p-values shown in italics.
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Table 3

Results of Tukey’s post-hoc tests from mixed model described in Table 2

Model term

Contrast

Estimate Standard Error

Site

Open vs. protected -0.583

Date

7/4/19 vs. 7/7/19

0.894

DF

Z ratio

P value

0.189

133

-3.077

0.0025

0.19

133

4.715

<0.001

The results of the Tukey’s post-hoc tests used to examine pairwise comparisons in the
cumulative wave power model. Significant p-values (P < 0.05) are shown in bold.
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Table 4

Area
1
2
3

Results of regression models for the relationship between wind speed to cumulative
wave power
Date
July 4th
July 7th
July 4th
July 7th
July 4th
July 7th

Protected Sites
Multiple R-squared F-statistic
0.1766
2.144
0.0006
0.006
0.2324
3.027
0.3334
5.002
0.0316
0.317
0.2749
3.791

P-value
0.1738
0.9390
0.1125
0.0493
0.5803
0.0802

Open Sites
Multiple R-squared F-statistic
0.2984
4.252
0.4605
8.534
0.2861
4.008
0.0077
0.078
0.4754
9.061
0.7385
28.24

P-value
0.0662
0.0153
0.0732
0.7859
0.0131
0.0003

Wind speed vs. cumulative wave power regression results for protected and open sites. Bold pvalues indicate significance (P<0.05).
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Figure 1

Location of Back Bay in coastal Mississippi

Map showing the location of Back Bay in Mississippi along the coast of the Gulf of Mexico.
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Figure 2

Map of study area in Back Bay

Map of protected site locations (gray stars), open site locations (white stars), and primary boating channels (yellow lines). Areas used
for site comparisons are identified (e.g., Area 1, Area 2, and Area 3; red boxes).
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Figure 3

Average wind speed (MPH) and direction of winds in Back Bay during 2019

Wind data collected from (https://mrcc.illinois.edu/CLIMATE/Hourly/WindRose.jsp). The
spokes protruding from the center indicate how often winds came out of a particular direction.
The colors indicate the frequency of winds within speed categories (Legend).
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Figure 4

DIY Wave Gauge developed by Temple et al. (2020)

Low cost DIY wave gauges use PVC housing and Arduino based pressure sensors to analyze sitespecific wave climates.
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Figure 5

Boxplot with wave heights observed during the full 5-day deployment

Boxplot display of the observed wave heights at protected sites (gray) and open sites (white).
The sample number (n) is the number of waves, over 4 centimeters in height, at each site over the
full five-day deployment.
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Figure 6

Wave heights measured at sites during the 5-day deployment period

Wave counts within wave height bands for protected (gray) and open (white) sites. Panels A and
B correspond to Area 1, panels C and D correspond to Area 2, and panels E and F correspond to
Area 3.
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Figure 7

Wave height frequencies at sites during the 5-day deployment period

Wave frequencies within wave height bands for protected (gray) and open (white) sites. Panels A
and B correspond to Area 1, panels C and D correspond to Area 2, and panels E and F
correspond to Area 3.

37

Figure 8

Cumulative wave power observed during the 5-day gauge deployment

Cumulative wave power calculated using the wave power of every wave that occurred at each
site during the full five-day deployment. Protected sites observations are labeled with gray bars
and open site observations are labeled with white bars (Legend).
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Figure 9

Hourly cumulative wave power and maximum wind speed for Area 1

Hourly cumulative wave power and maximum wind speeds for the two time periods (July 4th
12:00-24:00 and July 7th 12:00-24:00). July 4th time period hourly cumulative wave power (A)
for protected site (Gray) and open site (White). July 4th time period hourly maximum wind speed
and wind direction (C). July 7th time period hourly cumulative wave power (B) for protected site
(Gray) and open site (White). July 7th time period hourly maximum wind speed and wind
direction (D).
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Figure 10

Hourly cumulative wave power and maximum wind speed for Area 2

Hourly cumulative wave power and maximum wind speeds for the two time periods (July 4th
12:00-24:00 and July 7th 12:00-24:00). July 4th time period hourly cumulative wave power (A)
for protected site (Gray) and open site (White). July 4th time period hourly maximum wind speed
and wind direction (C). July 7th time period hourly cumulative wave power (B) for protected site
(Gray) and open site (White). July 7th time period hourly maximum wind speed and wind
direction (D).
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Figure 11

Hourly cumulative wave power and maximum wind speed for Area 3

Hourly cumulative wave power and maximum wind speeds for the two time periods (July 4th
12:00-24:00 and July 7th 12:00-24:00). July 4th time period hourly cumulative wave power (A)
for protected site (Gray) and open site (White). July 4th time period hourly maximum wind speed
and wind direction (C). July 7th time period hourly cumulative wave power (B) for protected site
(Gray) and open site (White). July 7th time period hourly maximum wind speed and wind
direction (D).
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Figure 12

Scatterplots for hourly wave data during the July 4th time period

Scatterplots for hourly maximum wind speed vs. cumulative wave power at each area during the
July 4th time period. Panel A is Area 1, Panel B is Area 2, and Panel C is Area 3. Protected sites
are labeled in blue and open sites are labeled in red. Trend lines used linear regression models
and 90% confidence bands.
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Figure 13

Scatterplots for hourly wave data during the July 7th time period

Scatterplots for hourly maximum wind speed vs. cumulative wave power at each area during the
July 7th time period. Panel A is Area 1, Panel B is Area 2, and Panel C is Area 3. Protected sites
are labeled in blue and open sites are labeled in red. Trend lines used linear regression models
and 90% confidence bands.
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